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By  Dorothy  Uickerson,  Color  Tedmologi^fewiK^'s^s 
Cotton  Division 


Chairman,  Subccamnittee  on  Color  Rendition, 
I.E.S.  Light  Sources  Committee 
(Paper  given  at  Illuminating  Engineering  Society, Eastern  Regional 
Meeting,  May  2^4-25,  1956,  Washington,  D.  C.) 

"From  time  immemorial,  man  must  have  viewed  with  delight  and  wonderment 
the  trsuisparent  blue  of  the  zenith  sky,  the  glowing  scarlets  and  oranges  of 
the  setting  sun,  and  the  softly  varied  hues  of  that  celestial  harbinger  of 
hope,  the  rainbow.  The  Bhijmaering  plumage  of  the  peacock;  the  multihued  co- 
rollas of  the  flowers J  the  golden  browns  and  russets  of  the  autumnal  foliage, 
so  contrasting  with  its  erstwhile  vernal  green;  the  bright  foreboding  red  of 
spurting  blood;  the  flickering  yellow  of  a  tallow  flame  in  the  deep  recesses 
of  the  caves,  painting  restless  shadow-pictures  on  the  walls — all  these  were 
but  a  few  of  the  vibrant  notes  in  the  stirring  color  symphony  of  life."  i/ 

This  opening  paragraph  of  Chapter  I  of  "THE  SCIENCE  OF  COLOR,"  a  high- 
ly technical  book  on  the  science  of  colorimetry,  is  clear  indication  of  the 
natural  partnership  of  Art,- Science,  and  Industry  if  in  today's  world  COLOR 
is  to  be  understood  and  used  with  satisfaction. 

In  the  days  of  firelight,  or  even  of  the  candle,  it  seems  hardly  prob- 
able that  much  thou^t  was  given  to  appearance  of  colors  under  nighttime 
illumination.  Perhaps  note  was  made  of  the  added  sparkle  of  bits  of  glass 
or  of  polished  metals  under  these  early  man-produced  light  sources .  It  was 
only  100  years  ago  that  the  synthetic  dye  industry  began  (this  year  we 
celebrate  the  Perkin  Centennial,  the  discovery  by  William  Henry  Perkin,  a 
young  English  chemist,  of  the  first  synthetic  dye)  and  it  is  less  than  100 
years  since  the  first  commercial  incandescent  electric  lamp  was  produced  in 
l88l.  Man  has  within  himself  a  very  remarkable  and  not  entirely  understood 
mechanism  for  detecting  color,  but  without  Perkin  and  the  modem  colorants 
which  today  are  applied  to  all  kinds  of  products ^  and  without  Edison  and 
the  modern  light  sources  that  provide  enough  li^t  to  distinguish  small  dif- 
ferences by  night  as  well  as  by  day,  we  might  not  find  the  illuminating 


l/  From  "THE  SCIENCE  OF  COLOR,"  Committee  on  Colorimetry,  Optical 
Society  of  America,  Crowell  (1953) . 
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engineer  so  clearly  faced  with  the  necessity  of  studying  color  science,  not 
only  in  regard  to  its  esthetic  use  but  (more  in  his  line  of  thought  although 
a  lot  harder  to  xinderstand)  along  scientific  and  engineering  lines.  He  is, 
however;  an  engineer  and  as  such  should  no  less  expect  to  master  color  in  a 
few  "brief,  easy  lessons  than  he  wotild  expect  to  understand  and  master  the 
use  of  electricity  and  its  part  in  lighting  "by  merely  sitting  in  on  a  few 
lectures.  Color  is  so  much  a  matter  of  everyday  experience  that  too  often 
the  esthetic  side  of  it  is  thought  to  be  its  only,  or  at  least  its  most  im- 
portant, feature. 

If  all  of  our  light  sources  were  in  the  same  family,  so  that  the  change 
from  one  to  another  would  provide  a  regular  transition  in  spectral  distri- 
bution (as  do  the  various  colors  of  daylight  which  range  from  yellow  sun- 
light to  blue  slQ.'-light) ,  the  ill\iminating  engineer  often  could  skip  the 
tedious  necessity  for  learning  the  whys  of  the  color  changes  because  they 
would  be  so  reguletr  that  he  might  be  satisfied  to  learn  only  the  what  of 
these  changes .  But  our  new  light  sources  vary  so  much  from  one  to  another 
in  the  amounts  of  energy  they  radiate  at  different  wave  lengths  that  one  can- 
not tell  by  looking  at  the  source  Itself  what  its  effect  will  be  on  the 
colors  of  objects  seen  under  it. 

This  could  be  made  dif^matic  by  showing  you  two  yellow  lamps  that  might 
look  alike  as  you  look  directly  at  them.  But  if  one  is  a  sodium  lamp  emd 
the  other  is  either  a  yellow  fluorescent  or  a  tungsten  lamp  seen  throu^,  a 
yellow  filter,  the  appearance  of  objects  seen  under  these  different  sources 
would  be  so  completely  different  that  one  need  not  be  an  expert  to  rate 
them  for  their  relative  "color  rendition"  properties. 

But  these  dramatic  instances  are  of  little  practical  value,  for  except 
for  special  purposes,  as  in  street  lighting,  no  one  uses  such  lamps,  cer- 
tainly not  when  they  expect  colors  of  objects  to  retain  their  daylight  ap- 
pearance. We  do,  however,  use  both  fluorescent  and  incandescent  lamps.  And 
even  if  we  restrict  ourselves  to  consideration  of  fluorescent  and  incan- 
descent light  sources  that  are  in  the  remge  of  what  are  considered  "white" 
lamps,  our  problem  remains. 

Taking  note  of  this  very  practical  problem,  the  I.E.S.  Light  Sources 
Committee  at  its  April  17,  1952  meeting,  established  a  subcommittee  to  deal 
with  the  subject  of  color  rendition,  specifically^  "To  establish  a  method 
of  meas-oring  and  specifying  the  color  rendition  properties  of  light  so^arce6," 
it  being  recommended  that  priority  be  given  to  fluorescent  lamps. 

Members  of  the  subcommittee  cover  a  wide  representation  of  theoretical 
and  practical  interests: 

E.  W.  Beggs  (1956,  following  L.  Thorington),  Westinghouse  Electric  Corp., 
Bloomfield,  N.  J. 

C.  N.  Clark  (195^,  following  A.  C.  Barr),  General  Electric  Coapany, 
Hela  Park,  Cleveland,  Ohio. 

/ 
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C»  ¥,  Jerome^  Sylvania  Electric  Products,  Inc.,  Salem^  Mass, 

D.  B.  Judd,  National  Bureau  of  Standards^  Washington,  D.  C. 

Norman  Macbeth,  Macbeth  Corporation,  Keifburgh,  N.  Y. 

Dorothy  Nicker  son,  U.  S.  Departs^nt  of  Agriculture,  Washington,  D.  C. 

C.  R.  Stillwell,  Bell  Telephone  Laboratories,  New  York,  N,  Y. 

Carl  E.  Swanson  (195^)^  Durotest  Corporation,  North  Bergen,  N.  J. 

Arthur  W.  Weeks,  Champion  Lamp  Works,  Lynn,  Mass. 

It  would  give  me  a  great  deal  of  satisfaction  if  I  were  able  to  report 
to  you  today  on  the  completed  work  of  this  subcoiamittee ,  or  failing  that, 
if  I  were  able  to  sum  up  in  words  of  one  syllable  Just  what  you,  who  have 
problems  of  lighting  for  color  grading  and  inspection,  or  for  providing  a 
pleasant  or  "natural"  appearance  of  colors,  coiild  do  to  provide  lighting 
installations  that  would  be  a  solution,  I  can  do  neither.  As  chairman  of 
the  Subcommittee  on  Color  Rendition,  I  shall  outline  to  you  how  we  are 
facing  the  problem,  and  how  far  along  we  are  towards  providing  a  practical 
answer. 

The  work  of  the  subcommittee  is  based  on  consideration  of  seven  items 
presented  by  Dr.  Deane  B.  Judd  to  the  first  session  (September  22,  1952). 
These  I  shall  present  to  you; 

1.  What  is  the  Purpose  of  the  Desired  Method? 

2.  What  Form  Should  the  Results  of  the  Method  Take? 

3.  What  Type  of  Test  is  Practical  and  Significant? 
k.  On  \fhat  Basis  Should  the  Test  Objects  be  Chosen? 

5.  What  Source  Should  be  Used  as  a  Standard  Against  Which  to  Check 

the  Color  Rendition  of  the  Test  Source? 

6.  If  a  One -Number  Approximate  Rating  is  Desired,  on  What  Basis 

Should  this  Number  be  Derived? 

7.  What  Sort  of  Program  of  Study  Should  be  Established? 

On  several  of  these  questions  the  subcommittee  was  able  to  reach  deci- 
sions proEsptly,  in  fact,  after  the  second  meeting^  surely  after  the  third, 
the  main  line  of  work  seemed  clear  and  there  has  liean   agreenient  on  our  meth- 
od of  attack. 

1.  WHAT  IS  TEE  PURPOSE  OF  TBE  DESIRED  14ETH0D? 

The  I.E,S=  Committee  on  Light  Sources  in  establishing  the  Subcommittee 
stated  (minutes  of  AprlJ.  17,  1952  meeting)  that  the  scope  sho\iId  be;   "To 
establish  a  method  of  measuring  and  specifying  the  color  rendition  proper- 
ties of  light  sources,"  and  recommended  that  priority  be  given  to  fluorescent 
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lamps .  Tlie  subcommittee  supports  this  statement  of  scope  and  accoiapaaying 
recommendation,  and  interprets  tlie  desired  method  as  one  that  should  be 
"broad  enough  to  deal  with  all  light  sources,  present  and  future,  of  whatever 
design,  and  that  the  method  should  not  he  restricted  as  to  purpose.  For  ex- 
ample, it  shall  provide  for  the  assessment  of  DeLuxe  type  lamps,  present  and 
future,  relative  to  the  stsLQdard  tyjes,  and  it  shall  also  provide  for  control 
of  lamps'  of  the  same  tyj^  for  interchangeahility. 

2,  imps   FORM  SHOULD  TEE  RESULTS  OF  THE  METHOD  TAKE? 

It  was  decided  that  one  of  the  results  of  the  method  should  he  a  one- 
numbSr  approximate  color-rendition  rating  of  the  light  source,  hut  that  this 
should  he  supplemented  hy  a  more  rigorous  mult i -number  rating.  The  hope  -was 
expressed  that  this  multi-number  rating  might  be  formulated  so  as  to  be  con- 
siderably less  complicated  than  the  35-Q''J2iber  rating  provided  for  fluores- 
cent  lamps  by  the  spectroradiometric  curves  at  intervals  of  10  isji,  plus  the 
four  chief  mercury  lines . 


3.  WHAT  TYPE  OF  TEST  IS  PRACTICAL  AM)   SIGNIPICAKT? 

It  was  decided  that  the  test  should  be  based  on  test  objects  specified 
by  spectral  reflectance  from  which  the  colors  are  computed  for  a  test  source 
of  imown  spectroradiometric  curve  in  accord  with  an  hypothetical  standard 
observer.  Actual  observation  of  test  objects  illuminated  by  actual  sources 
shall  be  used  in  validation  of  the  test  method,  but  not  in  the  test  method 
itself, 

k.     ON  WHAT  BASIS  SHOULD  TEST  OBJECTS  BE  CHOSEN? 

There  was  a  question  as  to  whether  the  test  objects  should  be  chosen: 
(a)  to  test  the  source  in  all  the  chief  parts  of  the  spectrijua;  (b)  to  yield 
colors  of  all  hues  at  moderate  saturationi  (c)  or  particularly  from  objects 
(such  as  meat,  butter,  lettuce,  coffee,  and  the  human  complexion),  whose 
color  rendition  is  of  general  Interest. 

At  its  first  meeting  the  subcommittee  agreed  that  test  objects  should 
include  those  whose  color  rendition  is  of  considerable  practical  importance, 
and  in  the  second  subcomraittee  session  obseirvatlons  were  made  on  these  ob- 
jects, on  several  metameric  pairs,  and  on  I8  of  the  20  Miinsell  papers  that 
Barr,  Clark,  and  Hessler  used  in  studies  reported  to  the  I.E.S,  Technical 
Session  in  1952.  The  chief  business  of  o^jr  second  meeting  was  a  viewing 
of  these  three  classes  of  test  objects  iinder  three  light  sources  that  were 
adjusted  to  provide  the  same  chromaticity.  This  matching  of  the  color  of 
the  three  light  sources  was  done  in  order  to  eliminate  all  effects  that 
might  otherwise  be  caused  by  differences  in  chromaticity  of  the  light  sources, 
and  in  order  that  subcommittee  members  would  know  that  the  effects  they  were 
viewing  were  caused  by  differences  in  spectral  distributions  of  the  sources, 
and  not  by  differences  in  the  chromaticity  of  those  sources.  The  problem 
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of  adaptation  vas  thus  ruled  out  of  these  studies  in  order  to  attack  the 
more  sljaple  problem  first,   (This  problem  of  change  binder  different  colors 
of  light  sources  is  included  in  the  color  rendition  studies  reported  by 
Helson^  Judd,  and  Warren  in  Illuminating  Engineering^  51;  April  I9560) 

The  three  sources  used  in  the  subcorowxittee  *  s  first  preliminary  tests  con- 
sisted of  a  30OOK  incandescent  lamp;  and  a  Standard  end  a  DeLuxe  Warm  White 
fluorescent  lamp  each  of  which  was  color -matched  to  the  incandescent  lajsp. 
The  amount  of  light  from  each  source  vas  adjusted  so  that  it  appeared  equal 
on  the  duplic8,te  sets  of  objects  and  on  the  gray  backgrounds  that  were  view- 
ed. At  lela  Park  an  exhibit  was  set  up  in  two  large  alcoves,  one  provided 
with  incandescent  lamps  used  as  a  control  standard,  and  the  other  provided 
with  lamps  that  could  be  switched  at  will  from  Standard  to  DeLuxe  fluorescent. 
In  addition  to  the  large  alcove  settings,  a  box  was  provided  that  permitted 
a  single  test  object  to  be  viewed  simultaneously  under  three  light  sources. 

The  importance  of  this  meeting  in  demonstrating  to  subcommittee  members 
the  degree  and  kind  of  color  chaxige  that  must  be  taken  into  consideration;, 
even  in  present  commercial  lamps ^  cannot  be  overestimated.  Before  this  dem- 
onstration, which  lasted  several  hours,  few  of  the  subcommittee  members  were 
aware  of  the  degree  or  kisd  of  change  that  takes  place  under  lamps  of  the 
same  colors  but  of  different  spectral  distributions.  Uor  did  many  of  them 
believe  that  any  but  experbs  could  Judge  the  size  of  the  color  shifts  with 
any  degree  of  agreement .  After  this  meeting  all  had  seen  the  amount  of  shift, 
and  every  member  of  the  subcommittee  was  convinced --in  spite  of  former 
skeptic ism- "that  with  a  little  training,  and  more  definite  instructions  re- 
garding scoring,  that  the  subcommittee  itself  could  agree  very  well  among 
its  members  on  a  numerical  scoring  of  lamps  if  it  had  a  standard  to  use  as 
^0   and  one  at  some  other  stated  value . 


Appraisals  were  made  at  this  meeting  by  nine  persons  on  29  separate  ob- 
ject colors,  and  the  results  were  statisticaLLly  analyzed  by  Dr.  Gisnt Wemiiaont 
at  the  request  of  Mr.  Ralph  M.  Evans  of  the  Color  Technology  Division  of  the 
Eastman  Kodak  Company  (whose  assistance  in  several  phases  of  the  work  in- 
volving extensive  computations  is  much  appreciated  by  the  subcommittee} .  It 
was  found  that  when  the  results  of  the  average  appraisal  of  rendition  were 
plotted  in  hue  order  of  the  samples  the  curve  is  strikingly  regular,  almost 
sinusoidal,  and  suggests  that  a  suitable  selection  of  a  few  samples  might  be 
adequate  for  testing.  These  results  are  shown  in  figure  1.  It  was  found 
also  that  when  the  results  of  appraisals  for  the  several  groceries  included 
in  the  test  were  plotted  at  the  appropriate  hue  designation,  the  results 
fitted  into  the  general  curve.  MTo  Barr  pointed  out  in  confirmation  that 
in  previous  studies  good  correlation  had  been  observed  between  the  color 
changes  exhibited  by  the  Munsell  papers  approximating  the  color  of  test  ob- 
jects used  and  the  impermanent  and  fast  changing  colors  of  objects  whose 
color  rendition  is  of  eommercial  interest.  This  was  fortunate,  for  it  woiild 
be  very  difficult  to  measure  and  maintain  a  standard  for  a  selection  of  gro- 
ceries, or  for  human  complexions,  that  could  be  used  under  lengthy  or  re- 
peated observations. 


-     6    - 


tea 


^o- 


Y 


QT 


©G 


FS 
Munsell  taie 


TR  Y 


Figure  1,- -Appraisals  for  color  rendition  of  l8  Munsell  saiaples 
under  a  DeLuxe  Warm  Wliite  fluorescent  lamp  on  a  scale  in 
vhich  tfee  color  londer  an  incandescent  lamp  is  rated  at  100, 
and  lander  a  Standard  Waxm  White  fluorescent  is  rated  at  50* 

The  choice  of  test  objects  for  further  study  was  thereupon  narrowed 
dc^ra  for  the  present  to  the  18  paj^rs  used  in  the  Barr^,  Clark,  and  Kessler 
studies ;  with  the  possihility  of  cutting  this  momber  to  10  if  the  computa- 
tional work  hecame  too  heaTy,   (Fortunately,  through  Mr,  Ralph  Evans'  co- 
operation, we  were  ahle  to  carry  through  on  all  of  the  later  work  without 
reducing  the  number  below  l8c) 


5.  imNS   SOURCE  SHOUU)  BE  USED  AS  A  STAKBARD  AGAINST  WHICH 
TO  CHECK  THE  COLOR  REm)iriOH  OF  TEE   TEST  SOURCE? 

It  ^A^as  agreed  that  the  standsird  source  should  have  a  continuous,  rea- 
sonably smooth,  spectroradloiaetric  curve  and  should  differ  no  more  in  chro- 
maticity  from  the  test  Bo-xrce  than  some  small  number  of  minimum  perceptible 
differences  yet  to  be  decided »  For  adoption  as  standard,  applicable  to 
sources  meeting  the  above  chromaticity  limitation^  it  was  decided  to  con- 
eider  one  of  the  following  one -dimensional  series  of  sources: 

A.  OJhe  so\Trcss  defined  by  the  Planck  radiation  law. 

B.  Series  A  up  to  a  color  teaj^rature  of  300GK,  sources  of  higher  cor- 
related color  temperature  to  be  produced  by  combining  a  gas-filled 
incandescent  lamp  at  3OOQK  with  filters  of  Corning  Baylite  glass. 
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C.  Series  A  up  to  3000K;  additive  mixtiires  of  light  from  an 
incandescent  lamp  at  3OOOK  with  sim  outside  the  earth's 
atmosphere  with  scattering  from  this  source  in  accord 
■with  the  inverse  fourth-power  lav  (as  described  by 
K»  S,  Gibson  in  J.O.S^Ao,  19^0). 

Series  A  has  the  advantage  of  being  maxlasally  smooth  and  of  having  a 
convenient  and  precise  definitioni  Series  B  has  the  advantage  of  being 
maxiiaally  duplicable  for  laboratosry  studies  (the  only  one  with  which  a 
visual  check  can  be  aiade)j  and  Series  C  has  the  advantage  of  duplicating 
more  closely  than  Series  A  or  B  the  spectral  energy  distribution  of  the 
various  phases  of  daylight. 

An  assessment  of  the  color  rendering  of  the  Deluxe  type  of  lamp  rela- 
tive to  the  standard  type  of  the  same  kind  by  means  of  the  three  series  of 
stauadard  distributions  A,  B^  and  C  vhs   made  for  the  subconsaittee  by 
C  «  W .  Jerome  by  computing  the  average  difference  betveen  lamp  and  standard 
in  percent  radiant  ener^  within  the  eight  British  bands  as  recommended  by 
Jerome  and  Judd  (May  1953  ^  IlJ-uminating  Engineering j,  48,  259)  and  also  by 
the  longer  duplication- index  method  used  by  thea.  Results  showed  that  it 
made  little  difference  by  either  method  which  of  the  three  sets  of  standards 
was  used.  For  validation  studies  Series  B  will  be  used= 

6.  IF  A  OlE-MJMBER  APPROXIMATE  RATING  IS  DESIRED,  OlS 
WHAT  BASIS  SHOULD  THIS  NUMBER  BE  DERIVED? 

It  was  decided  that  the  approximate  rating  should  be  derived  la  accord 
with  some  combination  of  hue  rendition,  saturation  rendition^-  and  lightness 
rendition  of  the  test  object  colors  found  to  correlate  with  subjective  judg- 
ments to  be  obtained  as  a  result  of  this  subcommittee's  program.  If  an 
abbreviated  method^  as  by  use  of  5  to  10  spectral  bands  can  be  formulated 
in  such  a  way  as  to  provide  this  correlation^,  this  would  be  preferable  to  a 
longer  method  Involving  computations  of  the  color  coordinates  of  test  objiectE 

7=  WHAT  SORT  OF  PROS? AM  OF  STUDY  SHOULD  BE  ESTABLISHED? 

It  was  agreed  that  the  series  of  Munsell  papers  used  by  3arr  and  his 
associates  would  be  computed  to  see  whether  actual  appra.isa>ls  can  be  pre- 
dicted from  the  spectral  reflectances  of  the  test  object  and  the  spectral 
energy  distributions  of  triplets  of  sources  (standard j  Standard  fluorescent, 
and  DeLuxe  fluorescent) ,  It  was  agreed  that  computations  would  be  made  for 
such  a  triplet  at  the  chromatic  it  ies  of  the  Warm  White,  of  the  Cool  White, 
and  of  the  dayli^t  fluorescent  Isonps,  and  for  such  other  sources  as  might 
be  useful  for  this  study,   (Altogether  12  sources,  6  fluorescent^  3  Gibson 5, 
snd  3  Coming  standards,  were  used  =  )  It  was  agreed  that  validation  would 
consist  of  a  hue  rating,  a  saturation  rating,  and  a  composite  hue  and  satura- 
tion rating  on  each  of  the  three  triplets  of  sources  (3OOOK,  45O0K,  and 
650OK),  with  observations  to  be  made  by  the  simultaneous  method,  in  which 
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there  is  no  time  interval  between  viewing  under  tiie  three  sources.  It  was 
agreed  that  visual  appraisals  should  he  made  hy  the  suhcoaanittee ,  perhaps 
in  a  2-day  session^  of  the  color  rendering  of  the  series  of  Munsell  papers 
under  the  three  triplets  of  lamps  as  outlined  ahove , 

This  decision  that  the  suDconsaittee  would  itself  make  the  appraisals 
was  made'  after  considerable  discussion  of  assigning  the  work,  perhaps  through 
the  help  of  the  Research  Fund,  to  some  laboratory  where  trained  personnel 
might  carry  on  the  apps"aisals  under  the  subcommittee's  general  direction. 
But  after  the  preliminary  appraisal  session^  subcommittee  members  were  con- 
vinced not  only  that  they  could  make  the  appraisals  in  an  adequate  manner 
but  €hat  they  would  learn  far  more  about  the  problem,  and  a  practical  method 
of  answering  it,  by  doing  the  job  themselves. 

Once  appraisals  were  made,  a  method  should  be  derived  for  computing  a 
duplication  index  based  on  spectral  reflectance  of  the  selected  test  objects 
and  sources ,  To  be  acceptable  this  method  would  have  to  be  shown  to  yield 
satisfactory  correlation  with  visual  appraisal. 

Finally,  there  should  be  derived  a  shortcut  method,  perhaps  involving 
the  eight  British  spectral  bands,  yielding  nearly  as  good  correlation. 


These  seven  itemfi  have  provided  the  basis  for  the  activities  of  your 
subcoaMittee .  ¥e  have  held  six  all-day  sessions  of  the  full  group  since  the 
beginning  of  the  work,  and  have  assembled  a  mass  of  data,  both  computed  and 
observed,  that  has  required  a  very  great  deal  of  concentrated  work  between 
sessions  by  several  members  of  the  subcommittee . 

A  discussion  of  the  work  in  chronological  order  provides  a  simple 
method  of  presentation,  ejad  this  I  shall  follow. 

Our  first  meeting,  at  which  the  general  program  was  developed,  was  fol- 
lowed by  a  session  at  Nela  Park  for  preliminary  observations  of  sanples  ijnder 
specified  laiaps .  This  was  necessary  in  order  to  obtain  data  on  a  basis  of 
which  we  could  decide  on  specific  details  of  the  program.  The  third  meeting 
was  called  to  consider  the  statistical  analysis  of  these  observations,  and 
to  make  necessary  decisions  regarding  specific  details  of  the  program.  As 
discussed  under  items  k   and  5^  the  subcommittee  decided  to  use  l8  Munsell 
papers  as  test  objects,  and  to  compute  and  observe  them  under  three  triplets 
of  lamps,  each  triplet  adjusted  as  closely  as  possible  to  the  same  color, 
one  triplet  at  about  3OOQK,  one  at  45OOK,  and  one  at  65OOK.  For  the  stand- 
ards Series  B  was  to  be  computed  for  use  in  validation,  and  Series  C  for 
the  formal  standard .  For  the  Warm  White  fluorescent  lamps  Mr .  Sarr  had  made 
special  lamps,  adjusted  so  that  they  would  color-match  an  incandescent  lamp 
at  3OOOK.  Laiaps  were  necessary  also  for  k^OOK   and  65OCK,  in  both  Standard 
and  DeLuxe  fluorescent.  The  former  were  supplied  by  Mr.  Barr,  and  the  latter 
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lyj  Mr,  Jerose,  with  Corning  filters  for  adjusting  3OOQK;  incandescent  to  ij-500K 
and  65OCSC      supplied  "by  Mr.  Macbeth ^  -vfitli  the  cooperation  of  A.  J.  Wernes- 
of  Corning  Glass  Works.  In  addition  Mr,  Jerou^  determined,  and  reported  in 
detail^  the  spectrai  energy  distribution  of  hypothetical  DeLuse  and  Standard 
fluorescent  lamps  vhich  vould  have  coordinates  on  the  C . I .E .  mixture  diagram 
of  "black  body  radiators  at  3OOOK,  k^OOK^   and  65OOK;  and  similar  distributions 
for  each  of  the  possible  standard  series  of  sources  discussed  at  oar  meetings . 
This  vas  done  because  the  usual  type  of  measured  fluorescent  lamp  could  not 
be  expected  to  correspond  exactly  to  the  chrojaaticity  of  the  standards  at  a 
fixed  color  temperature.  In  fact;  even  the  specially  made  or  selected  laraps 
to  be  used  in  this  study  would  require  that  slight  alterations  be  arbitiarily 
introduced  into  the  measured  spectrsd.  distribution  curves  to  correct  for  this 
lack  of  chromatic ity  duplication  of  the  standard.  If  this  adjustaient  were 
not  laade  it  Mght  unduly  penalize  the  fluorescent  lamps . 

Prior  to  the  next  meeting,  colorimetric  coxaputat ions  vere  made  for  I8 
Munsell  papers  under  k   sources  at  3OOOK,  under  5  sources  at  4500Kj,  and  under 
5  sources  at  6500K^  and  the  resulting  data  reduced  to  plots  on  CI.E.  dia- 
grams for  each  of  the  three  groups  of  lamps . 

Tnen  came  our  fourth  meeting,  January  195^  s-t  ^ela  Park,  where  ei^t 
subcomraittee  jnesiberB  and  five  visitors,  vho  contributed  substantially  to  the 
work  of  the  session,  aade  observations  of  the  color  rendition  of  each  of  I8 
samples  under  a  triplet  of  lamps ^  first  at  3OOQK,  then  at  450QK  and  at  65OQK, 
with  repeat  observations  for  3OOOK.  A  white  specimen  was  included  in  each 
series  of  observations  so  that  each  observer  could  indicate  how  well  the 
lamps  had  been  adjusted  to  equality  of  chroiaatlcity  for  his  own  vision.  The 
observations  consisted  of  chroinaticness  ratings,  hue  ratings,  and  saturation 
ratings  made  by  the  simultaneous  jaethod  agreed  upon  by  the  subcozamittee .  A 
U'  square  box  with  baffles  along  the  diagonals  provided  four  triangiLar  prian- 
shaped  compartments ,  The  three  sources  were  installed  in  three  of  these  com- 
partments, adjusted  to  give  equal  illumination.  The  fourth  compartment  was 
left  dark.  Each  of  the  I8  Munsell  samples,  about  8"  x   10",  was  centered  in 
turn  at  the  back  of  the  box  so  that  a  portion  appeared  in  each  of  the  four 
compartments.  The  standard  source  was  used  in  the  righthand  compartment,  the 
Standard  fluorescent  in  the  upper  suid  the  Deluxe  fluorescent  in  the  lower 
one .  The  color  rendition  of  each  sample  under  the  standard  source  was  rated 
at  100,  under  the  Standard  fluorescent  at  50,  and  the  observer  then  rated 
its  appestrance  under  Deluxe  fluorescent  in  relation  to  the  other  two. 
Figure  2  shows  a  schematic  sketch  of  the  box  which  was  placed  at  the  end  of 
a  long  table,  around  which  the  observers  sat  with  recording  sheets  on  which 
they  indicated  their  ratings  as  each  Judgaaent  was  called  for.  Boom  lifting 
was  adjusted  to  the  approximate  color  of  the  test  lamps . 

A  suimary  and  details  of  the  observations  are  provided  in  23  tables  in- 
cluded in  the  report  of  this  meeting.  Included  also  are  leeasurements  of 
spectral  distributions  of  the  lamps  used  in  the  tests.  These  differ  somewhat 
from  the  data  adjusted  for  use  in  the  computations,  which  immediately  raised 
a  question  as  to  whether  the  lengthy  computations  might  have  to  be  redone. 
The  summary  data  of  the  observations  are  provided  ijx   table  1. 
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Table  1. — Svwimxj   of  color  rendition  ratings  "by  12-13  observers  (i.E.S,  Sub- 
cQHmiittee  on  Color  Hendition  l/22/^k)  on   a  hue  circuit  of  l8  Munsell  sam- 
ples viewed  \mQer  three  lasips  of  tlie  same  color  but  different  spectral 
energy  distributions  at  3000K,  k^QQi.   and  650OK,  Eatings  are  reported  for 
cbromsticness ;  kue^  and  saturation.  In  eacii  series,  results  for  one  lamp 
are  reported  relative  to  results  under  the  other  tfe'o  lamps. 


Sainples  observ'ed 

Cbromaticness 

Hue 

Saturation 

Munsell 

R1R2 

s 

%  R2 

S 

Direction 

R1S2 

S 

Direction 

l^otat-^on 

(2-1) 

(3= 

•1) 

(2-1)   (3-1) 

j,a  >*-  \/^«6  t*  ,^T^  £v£. 

.Isfc  2al 

M» 

1st  2nd 

1st  2nd 

3OOOK 

1 

.5    Y  6/4 

59  60 

8 

63  64 

-T 

■H-    -i-r 

44 

-H- 

79  71 

5 

4+     0 

4H-      0 

2 

10     I  6/6 

^  55 

6 

52  51 

6 

4-f   -H- 

+4- 

-H- 

65  62 

5 

4+     + 

44-      4- 

3 

2.5  GT  6/6 

'41  43 

k 

22  37 

k 

4.      ^ 

-H- 

44 

37  53 

3 

4-  4-4 

44-      4 

h\      5  C'-  6/S 

k6  k5 

k 

38  48 

2 

0     - 

4-4 

-f4 

32  44 

3 

4-      4 

44    4-1- 

5  1  7.5  ai  6/6 

69  65 

5 

72  71 

5 

_-    „« 

0 

0 

51  51 

4 

-i-     0 

W-    44 

6 

10  (Tf  6/6 

81  78 

7 

76  82 

T 

•  =.    „^ 

=  „ 

•  » 

83  76 

5 

»=   -. 

0     0 

1 

2.5    G  6/6 

78  80 

7 

75  79 

7 

»=.   »„ 

-„ 

99  <m 

84  86 

6 

-._   »_ 

0     - 

8 

10    a  6/k 

81  76 

8 

73  70 

6 

« 

-_ 

„» 

82  86 

8 

„_   -._ 

_ 

9 

10  BG  6/4 

82  83 

8 

78  83 

7 

4-f    4-4- 

-.« 

- 

84  84 

6 

»„   »  = 

. 

10 

10     B  6/k 

76  81i 

7 

83  86 

7 

•f-4    -H- 

- 

- 

68  88 

4 

0      - 

-     0 

11 

5  FB  6/d 

83  81 

7 

85  82 

8 

4-f-    ++ 

0 

0 

88  81 

3 

-w-     4 

-f-      4 

12 

10  FB  6/8 

72  68 

5 

78  68 

5 

„    .=. 

=. 

— 

74  77 

4 

44-      4 

4       - 

13 

2.5    P  6/8 

74  73 

6 

81  75 

6 

=.»    »». 

^ 

-_ 

77  77 

4 

0       - 

«       - 

14 

5    P  6/8 

75  77 

7 

82  76 

7 

.-    _- 

- 

«_ 

73  78 

4 

„«    _» 

—    — 

15 

10    P  6/8 

75  75 

8 

78  80 

8 

_„    -« 

™« 

_„ 

79  73 

6 

=  »    „_ 

„»    -- 

16 

5  R?  6/6 

71  73 

7 

77  77 

5 

^ 

0 

0 

78  73 

7 

„«.    »- 

=  -    .- 

ITJ  7.5    H  6/li 

71.  70 

8 

80  78 

7 

4-   4-f 

+ 

4- 

73  69 

7 

>-    »_ 

„»    — 

18 

To  IfH  6/ifr 

62  69 

8 

72  74 

7 

4-J-    4-4 

4+ 

44- 

62  70 

5 

-.»    -» 

--    — 

Average 

"$91^ 

T  _^ 

70  73 

bj 

70  7^    5 



^5C 

K3K 

1 

5    Y  6/k 

83 

80 

S^ESS 

44" 

-H- 

80 

0 

- 

2 

10    Y  6/6 

Ik 

78 

■H- 

4H- 

79 

4 

- 

3 

2.5  (SI  6/6 
5  SI  6/8 

k& 

44- 

44. 

50 

4 

-H- 

k 

© 

73 

- 

4- 

70 

» 

-4 

5 

T.5  GY  6/6 

87 

85 

-- 

- 

82 

- 

4 

6 

10  GI  6/6 

86 

88 

a.« 

- 

89 

— 

MB  «a 

2»5-  G  6/6 

82 

79 

.« 

-_ 

85 

— 

on  au> 

3 

10    G  6/i^ 

86 

77 

+ 

» 

86 

-.» 



9 

10  3G  6/k 

83 

89 

44" 

0 

73 

-- 

10 

10    B  6/k 

82 

90 

44- 

4- 

68 

"" 

- 

11 

5  PB  6/8 

79 

80 

•H- 

44- 

79 

4 

0 

12 

10  PB  678 
2.5    P  6/8 

81 

76 

» 

0 

80 

4 

4 

13 

80 

76 

— 

4 

82 

0 

0 

li 

5    P  6/8 

30 

88 

«- 

=. 

80 

._ 

0 

15 

10    P  6/8 

5RP  6/6 

T.5    R  %k 

7.5  YB.  6:/4 

87 

92 

-„ 

-=. 

85 

»_ 

- 

16 

§? 

9^ 

- 

-= 

§7 

-- 

-- 

i 

86 
83_ 

r, 

4- 
4-4 

4 
4 

82 
81 

-> 

__ 

average 

^0 

82 

»-.-™ZlL« 

*-«-». 

79 

Table  !« --Cont'd. 
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Samples  observed 

Ctoomatlcness 

Hue 

Sat\iration 

Munsell 
Notation 

%  ^2 

3 

HlRg 

s 

Direction 

KiR2 

s 

Direction 

No. 

wrr 

(3-1) 
1st  aid 

-^^^;3-y-^P^~ 

1st  2nd 

Ifit  2nd   1st  2ad 

65OOK 

1 

5    Y  6A 

83 

6 

95 

5  I++ 

0 

78 

5 

~-. 

2 

10    Y  6/6 

77 

3 

84 

3 

++ 

0 

82 

3 

0 

3 

2,5  GY  6/6 

75 

3 

83 

3 

+ 

0 

84 

2 

<^                                                         OE* 

h 

5  GY  6/8 

67 

2 

46 

1 

0 

- 

74 

1 

0 

5 

7=5  GY  6/6 

75 

2 

78 

3 

- 

» 

81 

2 

— 

6 

10  GY  6/6 

77 

3 

77 

3 

-c 

80 

4 

7 

2.5    G  6/6 

74 

4 

75 

2 

- 

--. 

84 

4 

~. 

8 

10    G  6/4 

72 

4 

78 

4 

■f+ 

0 

78 

3 

^« 

9 

10  BG  6/4 

76 

5 

84 

4 

-H- 

++ 

80 

2 

— 

10 

10     B  6/4 

78 

5 

81 

5 

■H- 

++ 

76 

3 

+4- 

n 

5  PB  6/8 

79 

4 

82 

5 

■H- 

++ 

87 

3 

++ 

12 

10  PB  6/8 

75 

3 

80 

3 

- 

+ 

81 

2 

++               + 

13 

2.5    P  6/8 

80 

4 

88 

«„ 

0 

91 

2 

+           0 

llf 

5    P  6/8 

83 

4 

89 

4 

-- 

•*• 

84 

2 

0           0 

15 

10    P  6/8 

81 

3 

92 

4 

-_ 

0 

92 

3 

0 

16 

5  HP  6J6 
7.5    R  6/4 

87 

2 

91 

3 

_- 

0 

93 

2 

0 

17 

83 

4 

86 

2 

+ 

0 

93 

3 

0 

18 

7.5  YR  6/4 

79 

3 

88 

3 

+ 

» 

87 

3  ""          + 

Average 

78 

4 

84 

3 

83 

3' 

and  Istsrlst  o'bservation  Sise(s)2   0=0 


Rp  sud  2nd=2nd  observation 
100  =  rating  raider  STANDMD 
(tungsten  lai^  at  3OOOK) 

50  ^  rating  mider 

STANDARD  fluorescent 


3~sinall 
6=^m,oderate 
9=long 
Direction:     Hue: 

Cloclssrise  (RYGBP)=  -4- 
Reverse  sense     -  - 


Direction;   Saturations 
Increase  =  -3- 
Decrease  ~  ° 
(2"1)  ^  Std.  Flu. 

minus  Std.  lamp 
(3-1)  =  DeLuxe  Flu. 

minus  Std.  lasip 


After  the   data  were  plotted — observations  against  computed  results--tiie 
subcoaEaittee  lield  its  fifth  meeting  and  in  detail  vent  over  all  of  the  54 
soui'ce- sample  combinations.  Many  seeued  to  show  good  correlation  between 
visual  estimates  and  vectors  sSowin  on  the  chrouaticity  diagram  by  computa- 
tions, ^st  of  them  showed  discrepancies  sicall  enough  to  be  not  certalxily 
significant  J  but  ^jperhaps  10  percent  of  the  soisrce -sample  combinations  for 
the  Warm  and  Cool  TIfhite  fluorescent  revealed  flat  contradictions^  particiilax- 
ly  for  the  purples,  jt  was  thoxight  that  this  could  be  caused  by  the  differ- 
ences "between  actual  laasps  and  the  data  used  that  had  been  computed  with 
adjustments  for  centering.  It  was  decided  therefore  that  the  lamps  should 
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Figure  2.  =  -BoX;  about  i<-'  on  a 
side,  >fitii  diagonal  "baffles 
dividing  it  into  four  com- 
partments, each  of  ^rhich  can 
be  illurainated  by  a  differ- 

.  ent  light  source.  Samples 
can  be  illuiainated  by  all 
sources  at  one  time. 


COLCB  RESDUIOH  OF  LIGffT  SOURCES    -  Three  ligbt  sources  at  3000K 

1953 


— —  Plenclclaii 

— X sta .  Flu . 

__^ DeiLmw  Flu. 

1955 
—  -*-—    lOO-V  iDcand  . 

-  Std.  Flu.    (H-2) 
._  DeLuxe  Flu.{L-D) 


Figure  3.-- Spectral  energy  distri- 
butions  of  1953  data  (adjusted) 
and  1955  (measured)  for  three 
light  sources  at  ^.OOOK. 


dn-u/56 
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■be  remeasured,  and  the  color iuetrlc  data  recomputed  for  the   l8  samples.  But 
althofugli  tkis  was  done^  the  res\ilts  failed  to  accouat  for  the  discrepancies, 
as  may  be  seen  from  tiie  next  two  figures  in  ^'tiich  are  shown  first  ^  in  fig- 
ure 3?  curves  for  the  sources  at  3OOOK;,  the  heavy  line  indicating  the  data 
used  in  the  1953  ccmputstions^  and  the  dotted  lines  indicating  those  used  for 
the  1955  computations.  As  laay  "be  seen^   there  is  a  difference ^^  hut  on  the 
ifhole  pairs  do  not  look  different  enough  to  accoimt  for  the  contradictions 
found.  In  figure  k   colorimatriG  data  hasea  on  the  two  sets  of  data  are 
plotted,  the  solid'  lines  connecting  data  for  the  1953  co2aprata,tions^  and  the 
dotted  lines  thofee  for  1955 »  Again _,  there  are  differences,  "but  none  that 
account  for  the  reTersals  shown  by  ohservation.  Although  the  remeasureis^nts 
differ  bj  rather  siaahle  amounte  froa  the  first  SBteasuxements ,  the  contradic» 
tlons  het%reen  observation  and  coiapfutation  by  T?ay  of  the  1931  C.I.S,  Standard 
Obserrer  remain  essentially  unchanged. 
50 


SS  Std.  Flu. 

©        DeLuxe  Flu. 
1955  --- 

a       iOO-W  Incaud. 

>t        Sta.  Flu.   (H-,2) 
..  ©        DeLuxe  Flu.(L-a) 


35  ^0  1*5        ^  50  55 

Figure  i*.-"C«I,S.  color imetric  data  for  I8  Muneell  samples  under  light 
sources  at  3OOQK:  for  which  energy  distributions  are  shoim  in  preYious 
figure. 


Siall^'  data  for  the  k^QQSS.  and  63QOK.   results  are  shown  in  figures  5  to  8. 
But,  as  may  be  seen,  these  differences  are  less  than  those  for  300C^« 

The  next  step  was  to  hold  a  session  (our  sl3Eth)  in  which  the  source- 

s^Eple  combinations  yielding  -the  biggest  discrepancies  were  again  set  up  for 

observation  in  an  effort  to  track  dosn  the  cause  of  the  discrepancies.  Ob- 
servations repeated  on  the  2*5P  and  5?  staples,  for  ishich  the  coatradietions 
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/^  ^-P 
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i  !l    K     Std.  Flu. 

«    DoLuxe  Flu . 
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Figure  5o-"-Rslative  spectral  energy    Figure  6.-»GoloriJEetric  data  for  l8 
data  for  3  sources  at  4500K.         samples  under  ^500^  sources. 


were  most  definite,  corroborated  those  made  in  January  195^+ «  that  the  flu- 
orescent lamps  render  the  colors  of  these  samples  bluer  and  less  saturated 
than  the  rendition  of  them  by  the  incandescent  source , 


Three  sources  of  error  Biust  be  considered?  The  spectral  energy  distri- 
bution of  the  source ;  the  spectral  reflectance  of  the  sample,  and  the  color- 
mixture  functions  of  the  observer.  In  regard  to  the  flxst,  after  comparing 
aeasurea^nts  of  the  spectral  energy  distributions  of  the  lamps  made  in  two 
laboratories,  and  after  reviewing  the  very  substantial  progress  toward  ac- 
counting for  and  eliminating  their  disagreements,  it  appeared  reasonable  to 
the  subcoBiiiLittee  to  assume  that  results  of  the  lamp  measurements  are  essen- 
tially correct.  In  regard  to  the  second  possible  source  of  error,  the 
spectral  reflectance  measurements  of  the  samples,  these  show  fairly  smooth 
curres  that  in  no  way  appear  to  be  the  cause  of  our  contradictory  results- 
Curves  for  these  samples,  including  the  2.5P  and  5P;  a^®  shown  in  figure  9' 
(llotes  Perhaps  we  shoiold  look  again  at  these  curves,  particularly  in  rela- 
tion to  the  peaks  of  the  fluorescent  lines  at  wave  length  U36  2^.) 
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Figure  7 ---Relative  spectral  energy    Figure  8. — Colorimetric  data  for  l8 
data  for  3  sources  at  65OOK.  samples  under  65OOK  sources. 


Figure  9» — Distribution  of  spectral  reflectance  properties  of  the 
18  Munsell  samples  used  in  these  tests. 
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At  any  irate,  the  importance  of  tlie  third  possible  source  of  error  was  es- 
tablished by  making  observations  at  a  distance  of  20  feet  (angular  subtense 
about  2^)  and  at  2  feet  (angular  subtense  about  20^) ,  It  vras  found  that  at  20 
feet  all  observers  found  the  saturation  for  the  2,5?  sample  to  t-e  less  under 
the  fluorescent  lasjps  than  under  incandescent,  while  at  2  feet  this  was  re- 
versed^ and  the  saturation  ira-s  greater  under  the  fluorescent  than  under  the 
incsadescent .  This  led  the  subcoamiittse  to  sake  comparisons  of  the  source - 
sample  combinations  found  by  computation  to  be  near  satches.  The  results  of 
these  comparisons  seamed  oncouragli^^  snfi  indicate  that  the  detersiination  of 


speei 


mergy  distributions  of  the  fluorescent  sources  is  generally  reliable. 


Because  of  the  difference  in  observatians  at  different  angular  subtense, 
■^e   thought  ¥6  really  might  have  the  answer.  Therefore  it  was  agreed  that 
source -sample  Gombin&tions  should  be  recomputed  for  the  2.5P  and  5?  samples 
at  300CX  by  i^ans  of  the  color-iaisture  functions  newly  fooind  for  29   and  10° 
fields  by  Stiles  of  the  National  Physical  Laboratory.  The  Stiles  data  be- 
came available  only  in  late  February^  and  in  March  these  compitatlons  were 
aade  for  the  purple  samples  by  C.  W-  Jerome  =  The  results  are  shoim  in 
figure  10 e  As  far  as  can  be  seen,  this  does  not  supply  our  answer,  for  the 
staples  calciilated  for  the  fluorescent  lasips  sees,  eren  siore  saturated --as  I 
believe  7/ou  can  see,  for  they  are  farther  froia  the  source --than  those  for 
the  tungsten  J.asLps  imen  calculated  for  the  Stiles  observers  ^  both  2P   and  10^, 
than  for  the  CLE.  Stands^d  Observer.  So  this  was  not  our  answer! 
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Lgure  10,-=Colorimetric  data  plotted  on  (£,y) -diagrams  for  three  sources 
at  300QK  and  for  two  purple  samples  seen  under  those  sources  bj  three 
different  observers,  the  G,I,S.  Standard  Observer,  an  observer  based  on 
Stiles  2°  data,  and  an  observer  based  on  Stiles  10"^  data. 
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While  these  data  vere  being  computed ^  a  uniform  lateral  transformation 
of  all  the  chromaticity  points  to  correct  for  the  differences  noted  by  obser= 
Yation  in  the  light  sources  was  laade  by  Mr.  Clark  for  an  RUGS  (rectilinear- 
uniform-chromaticity  scale)  diagr^i.  The  result  is  shown  for  the  3OOCK  se- 
ries in  figure  11=  For  the  2.5P  color  it  cannot  be  said  that  this  RUGS 
transfonaation  provides  a  solution ;,  nor  does  the  saturation  seem  less  under 
fluorescent  than  \inder  tungsten  for  the  5P  6/8 ^  although  this  diagram  does 
seem  to  improve  its  relative  position  as  compared  to  the  C,I,E.  diagram. 


-0.2 


-OA 


-0.6 


-0.8 


-.10 


-.12 


O  STtflDAHD 

(lacandencent) 
atd.   Flu. 
DcLiiie  Flu . 


+0.2 


+0»4 


+0.b 


4-0,8 


Figure  ll.--Colorimetric  data  for  I8  Mimsell  samples  on 
RUGS  diagram.     Observed  direction  of  saturation  from 
STANDAElDs      increase  indicated  by  +,  decrease  by  -  , 
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What  ve  need- -as  we  have  jfenown  and  have  long  "been  trying  in  these  and 
other  ways  to  get- -is  a  plot  of  equally  spaced  loci  of  hue  and  saturation 
for  other  sources  such  as  ife  have  had  for  CeI.E.  Source  C  In  the  Munsell  re- 
notation  diagrssis  for  hue  and  chroma  loci  at  different  value  levels.  Based 
on  measurements  of  a  hasic  serias  of  Munsell  color  sa^aples  coinputed  for  nine 
sources  (Hietei-son-Wilson^  Ulamiaatlng  Engineering,  45,  507-517^  1950), 
the  diagrams  in  flgmre  12  have  been  prepared  in  USDA  laboratories  for  300^ 5 
45OQS:,  and  65OQK,  for  the  6/  value  level  in  which  ve  are  interested.  For  the 
3OCOK  conversion^  data  available  for  these  Mimsell  samples  at  CLE,  Source  A 
vere  used  as  a  basis  ^  and  corrections  made  for  the  saoothed  renotation  3.ines 
by  allowing  for  the  e-aige  relative  amount  of  difference  from  the  smoothed 
lines  hs  w&b   found  necessaiy  In  smoothing  for  the  Source  C  data.  The  s^se 
ges^ral  procedure  was  followed  in  preparing  e  4500K  diagram,  using  the  data 
for  the  Mimsell  sas^les  available  for  Cool  Ihite  fluorescent  (about  k^CXM.) » 
This  was  dona  to  provide  a  ssoota  network  of  lines  (based  on  the  hue  and 
ehrosis  l:L2,e3  for  Source  C)  to  ifhich  one  might  refer  in  fudging  the  direction 
of  differences  obtained  in  our  aubcossittee  tests |  there  ^as  no  expectation 
that  the  element  of  "equal  spacing,"  ■which  sakes  the  data  so  mportant  for 
Soiirce  C  j  would  carry  over  into  the  fiiagraons  thus  prepai'ed  for  illuminant 
chromatic It ie 8  other  than  C . 

I  should  li^  to  not«  liere^  hoijever^  that  it  has  long  been  ^  own  feel- 
ing that  the  hue  and  chrosia  loci  on  auch  Sia^ESS  eould  be  corrected  to  give 
equal  spacing  if  a  large  scale  set  of  observations  under  C=I.E.  Sources  A 
and  B  ^ere  provided  for  this  purpose*  It  "^ould  meMi  extensive  observations 
such  as  were  rasulrsd  for  ssioobhlng  the  Murusell  data  for  daylight  conditions 
"■-a  long  J  but  not  issposslble  .job.  for  *^ich  the  necessary  computations  al- 
ready have  been  published  for  this  very  purpose  in  the  lic^rson-¥ilson  paper. 

^o  get  backs  What  -^e  seed  is  a  diagram  of  visually  equally  spaced  loci 
of  hue  anfi  saturation  for  standard  li^t  sources  at  the  3000Kj>  k^OOK^   and 
65OCE  levels  ^ith  -^ich  our  etudies  sre   concerned. 

If  the  studies  of  Helson?  Judd,  and  Warren  aoir  being  carried  foifward 
with  I  ,S  .S ..  Hese&rch  Fund  support  are  assestially  corrsct ,  ^e   should  be  able 
by  msBJis   c-f  the  vosKj-ies  coefficient  la'**"  to  deduce  the  iosl  of  chrossstlci- 
ties  yislQing  color  ^rceptions  sf  constast  hue  and  saturation  for  an  obser- 
ver adapted  to  another  source.  This   conversion  '^e  have  aade  by  using  the 
type  of  foi^ula  discussed  1^  WyszecM  is  195^=  (j.-O.S.-Ae^  44^.  787 -792).  trans- 
fo^diig  the  loci  of  Munsell  hue  and  gaturmtion  from  delight  adaptation  to 
adaptation  -^ondsr  iscandeseeat  illimisation  at  3OOOK,  assuming  adaptation  to 
&  neutral  surrouna  color ^  as  was  useS  In  the  observations.  The  resxiltlng 
dlsgr;^i^  covering  the  rsnge  of  the  I8  colors  -s'lth  which  this  study  is  sost 
l^^diately  concerned,  is  shows  in  figuz^  13 ,  It  looks  not  too  different 
from,  the  3OOQK  plot  la  figure  12,  perhaps  with  ssore  difference  for  hue  than 
for  saturation  J  and  a  ali^t  shift  in  direction  of  the  long  asis.  However, 
even  this  transformation  does  not  help  to  resolve  our  problem,  for  according 
to  this  dla^a®  the  S.5r  snd  5?  saseples  still  plot  as  more  saturated  for 
fluorescent  th@n  for  tungsten  li^t,  while  the  observations  on  these  ssaiples 
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Figure  12.-'^inDothed  lines  of  Munsell  renotation  (for  observation^  in  day- 
light) transferred  so  they  will  "be  centered  on  other  sources  (30OOK,  k^CXE, 
and  65OOK)  for  which,  or  near  which^  Munsell  papers  are  measured <, 
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Figisr-e  13»--Munseil.  reBQta';:ion  loci  for  6/  Talue  tr^isforased  from 
C=I.l,  Borxrce  G  to  3C00S  according  to  HelsoHj,  Judd^  and  Warren, 
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say  they  are  less  saturated  uoder  light  froE  the  fliiorescent  laa^s.  (Tills  laay 
mean  fhat  there  wb-s  a  chajige  in  adaptation  depending  on  the  color  in  the  cen- 
tral field j,  and  that  adaptation  to  a  neutral  surroxmd  is  not  the  answer  e) 

It  looks  as  if  what  we  nee-a^  in  order  to  fit  ohserrations  with  coiaputed 
data,  is  a  diagram  vith  a  sharp  upward  curvature  for  saturation  loci.  Fig- 
ures 1^  to  16  have  been  prepared  to  help  study  in  detail  vhat  is  needed. 
Each  figure  shows  the  position  of  the  computed  data  for  3OOOK  plotted  on 
C<,I,E.  (x^y)  ■"diagrams »  On  figure  1^^  these  are  accompanied  by  the  average 
ratings  for  chroaiaticness  obtained  for  t'^o  independent  sets  of  observations. 
The  rating  for  color  rendition  of  samples  imder  the  incandescent  lamp  is 
"100/'  under  the  Standard  fluorescent^  "50."  The  position  of  the  1953  and 
1955  cofflputations  for  each  color  imder  incandescent  is  indicated  by  the  posi- 
tion of  the  nurabers  100  and  50«  Where  the  spread  beti^een  1953  aJi^  1955  data 
is  laore  than  tbat  covered  by  the  number^  the  range  is  indicated  by  short  lines 
extending  thro-ogh  these  numbers.  Se;^rate  circles  for  the  two  sets  of  data 
are  indicated  for  the  DeLuxe  fluorescent  results.  Ratings  under  the  BeLuxe 
lamp  are  given  for  two  observations.  The  relative  size  of  the  differences 
are  noted  by  the  accompanying  number,  0  to  9j  ^Ji  -which  0  represents  "no 
difference"  and  9  represents  a  "large"  difference.  Hue  observations  are 
shown  in  figure  15^  and  those  for  saturation  in  figure  16.  The  observed 
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Figure  15,— aOE  ratings j  I8  Muneell  samples  under  DaLuse  fluorescent, 
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direction  of  hue  change  from  tlia  STAfiDAEiD  (at  lOO)  in  a  cloclnfise  direction, 
E-Y-0-B-P.  is  indicated  by  +|  in  the  opposite  sense  'oy  -  .  The  ohserved 
direction  of  increase  in  saturation  is  indicated  by  +|  decrease  by  -  .  The 
diagrams  are  needed  in  order  to  assess  the  relative  degree  of  agreement  of 
observed  and  calculated  results^.  As  jsay  be  noted  ^  the  direction  of  change 
is  not  always  the  same  for  the  color  under  the  t>fO  fluorescent  lamps  as  ccaa.- 
pared  to  the  color  under  the  tungsten  lae^,  Thersfcre  the  observations  re- 
garding direction  of  change  for  the  color  \mder  each  of  the  fluorescent  lamps , 
as  cGESpared  to  the  color  tinder  the  incandescent  lamp^  bars  been  included  in 
figures  15  and  l6.  A  prelinlnary  attempt  has  been  asde  to  -araw  in  lines  that 
ifould  represent  the  shape  needed  to  bring  computations  and  observations  into 
agreement.  The  shaj^  needed  for  sat-sration^  based  on  such  thinking  as  has 
been  described^  is  shown  in  its  present  preliiainary  state  in  figure  17. 

Whether  this  last  path  will  lead  to  a  successful  answer  to  our  problea 
is  something  I  hesitate  to  predicts  If  it  dces^  then  it  "^"ili  also  lead  to  a 
considerable  reTision  of  isich  of  our  thinking  Jji  regard  to  methods  of  finding 
loci  of  sgiial  hue  and  saturation  for  a  st&nSsrd  obserrer  under  different 
chromatic  it  ies  of  light  sources^  eTen  -when  confined  to  a  series  that  isay  be 
considered  as  stsnd^d  (as  the  A^  B,  C  series  discussed  earlier  under  Ques- 
tion 5)'  Much  greater  attention  may  haYe  to  be  pa.id  to  the  importance  of 
the  obserring  conditions  than  ve  haire  supisosed  up  tq  now. 
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Figure  17 . — Preliminaxy  attempt  to  describe  shape  of  satiiration  loci 
necessary  to  bring  into  agreement  computations  and  observations 
for  saturation  for  l8  MunseU.  samples  under  three  lamps  at  3OCKDK. 


To  bring  the  matter  up  to  such  a  point  aad  leave  you  aay  seem  to  some 
of  this  audience  rather  pointless.  But  to  others  of  you  I  hope  this  dis- 
cussion may  have  given  you  some  Insight  into  the  magnitude  of  the  problem j 
and  the  fact  that  we  are  exploring  new  territory.  Colorimetry  is  a  science 
that  has  only  begun  to  be  applied  to  colors  viewed  tinder  a  variety  of  light 
sources.  In  making  these  applications  we  find  we  must  push  back  the  fron- 
tiers. In  this  present  study  we  "have  been  trying  out  several  paths  that  have 
been  indicated,  but  not  previously  followed.  These  we  must  follow  until  we 
find  one  or  more  that  leads  to  a  sound  and  complete  answer.  One  other  very 
practicsLL  consideration  that  I  have  had  in  mind  in  prepstring  a  report  for 
this  meeting  is  that  it  provided  an  urgent  reason  for  reviewing  and  summa- 
rising what  has  been  done  to  date,  so  that  others  beside  our  subcommittee 
members  who  are  interested  in  this  problem  may  have  a  report  of  our  work 
to  date. 
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As  soon  as  copies  of  this  report  are  available --cojirplete  with  these  and 
other  diagra3as--they  vill  be  provided  to  oxir  subcornnittee  ffiembers,  together 
with  details  relating  to  lauch  of  the  later  discussions.  Our  next  meeting 
will  be  called  to  study  in  detail  the  observations  in  relation  to  the  com- 
puted data.  There  is  no  question  but  that  there  ±b_   an  answer;  it  is  my  hope 
that  we  shall  be  able  soon  to  find  it.  No  rating  for  color  rendition  will 
be  completely  satisfactory  until  we  have  a  good  correlation  between  observa- 
tion and  computation. 

In  this  report  no  mention  has  been  loade  of  many  other  lines  of  dis- 
cussion regarding  color  rendition  that  have  come  up  in  our  subcommittee  meet- 
ings-'-e.g.j,  the  subject  of  preferences  for  colors,  and  whether  wei^ts  should 
be  given  to  colors  that  change  toward  a  preferred  color ,  as  against  an  equal 
size  of  difference  but  in  the  direction  of  a  disliked  color — as  butter,  which 
can  be  a  yellow  toward  red,  but  not  toward  green. 

These,  as  well  as  other  related  siatters,  will  be  considered  before  your 
subcommittee  reaches  its  goal  of  recozsEaending  "a  method  of  aeasiiring  and 
specifying  the  color  rendition  properties  of  light  sources." 


